Cyanobacteria biomass obtained from freshwater bodies is known to contain a large amount of fatty acids. Thus, the current need to produce large amount of lipids for different application has identified cyanobacteria as one of the important sources of fatty acids. However, the production of fatty acids and the characteristics of its composition is a function of nutrients. This paper therefore, reports on the efficient extraction procedures of fatty acids from cyanobacteria biomass using ionic liquid solvent and organic solvent under ultrasonic solid liquid extraction technique and the effect of the variation of iron concentration in the growth media on the fatty acids composition of cyanobacteria biomass. The determination of fatty acids composition was performed using gas chromatography coupled to a time-of-flight mass spectrometer (GCxGC-TOFMS). The obtained fatty acids composition was found to be dominated by tetradecanoic acid (C14:0), hexadecanoic acid (C16:0), 7-hexadecenoic acid (C16:1), pentadecanoic acid (C15:0), 6,9,12,15-octadecatetraenoic acid (C18:4), γ-6,9,12-octadecatrienoic acid (γ-C18:3), 9,12,15-octadecatrienoic acid (C18:3), 9,12-octadecadienoic acid (C18:2), 9-octadecenoic acid (C18:1) and octadecanoic acid (C18:0). Statistically it was proved that the ionic liquid extraction protocol and that of ultrasonic solid liquid extraction by organic solvent were not significantly different. It was also revealed that the total amount of fatty acids in cultured cyanobacteria increased with decrease in iron concentration in the growth medium.
Introduction
Cyanobacteria are a diverse group of photosynthetic organisms found mostly in freshwater bodies [1] . Cyanobacteria, apart from producing different useful metabolites for different applications such as pharmaceuticals, production of fine chemicals, biofertilizers and animal feed [2] [3] [4] [5] , they are known to produce lipophilic extractives such as fatty acids which are somewhat toxic to aquatic organisms, especially unsaturated fatty acids. They are known to affect fish in freshwater bodies by interfering with the gill basolateral membrane ion-extrusion mechanisms leading to the death of fish [1, 6] . Thus, the toxicity properties of fatty acids released by cyanobacteria in freshwater bodies to other aquatic organisms have increased the need to characterise the composition of fatty acids in cyanobacteria. Currently the production of biodiesel has increased the importance of lipids and hence the extraction techniques from different sources [7] . Moreover, fatty acids have been identified as essential components of the diet of humans and animals [8] . This fact has highly contributed to the interest of different researchers on the effective techniques to obtain fatty acids from cyanobacteria. Polyunsaturated fatty acids such as 9,12-Octadecadienoic acid (C18:2) and γ-6,9,12-octadecatrienoic acid (γ-C18:3) are known for their human health importance [1, 9] . Furthermore, the analysis of long chain fatty acids has been so significant for biological and medical investigations [7] . The most prominent analytical instrument for fatty acids analysis is gas chromatography-mass spectrometry (GC-MS) [10] . However, due to the separation problem of fatty acids with similar chemical structures such as fatty acids with a chain of 18 carbon atoms, a more advanced gas chromatographic technique (GCxGC-TOFMS) has been employed in fatty acids and lipids analysis. GCxGC-TOFMS is a powerful analytical technique for the qualitative and quantitative determination of lipid composition. Fatty acids are currently best determined by GCxGC-TOFMS after derivatization to fatty acids methyl esters (FAMEs). The use of deconvolution algorithm of ChromaTOF software of GCxGC-TOFMS enables the separation of mass spectra and identification of FAMEs which some have a tendency of coeluting and bearing similar mass spectra due to their similar chemical structures. Extraction of fatty acids and lipids from the solid samples has generally been achieved by using volatile organic solvents under different extraction techniques reported in the literature. However, due to the nature of algae biomass, and the fact that they contain unusual lipid classes and fatty acids which differ from the ones in higher animals and plants [7] , it is important to investigate a suitable extraction method for lipids and fatty acids from algae biomass. Among the techniques which are reported to be suitable, ultrasonic solid liquid extraction techniques has been found to be more effective as well as time effective [11] . Lipids and fatty acids in particular can be effectively extracted using polar organic solvents which are able to extract a larger range of organic compounds from biomass samples mostly at an elevated temperature [12] . This is attributed to the fact that at higher temperature the polar solvent decreases its polarity to allow it to capture compounds ranging from semi-polar to non-polar Environmental & Analytical Toxicology [11, 13, 14] .The mixture of chloroform and methanol has been reported to be the most effective solvent composition for extraction of lipids from cyanobacteria biomass. However, due to the environmental issues the newly emerging ionic liquids have been utilized in the extraction and analyses of different organic compounds from different matrices [15] [16] [17] [18] . Based on the stipulated importance and effects of fatty acids, the characterization of its composition obtained from different sources is vital. Thus, this paper reports on the effect of iron concentration as one of the macro nutrients on the qualitative and quantitative composition of fatty acids produced by cyanobacteria. The study also presents the comparison of the extraction procedures between the ionic liquid based and organic solvent based procedure and their determination using GCxGC-TOFMS. 4 .5H 2 O 0.079 g/L. This stock solution was used to make a mixture of GBG11 growth medium by taking 10 mL of the macronutrients elements and 1 mL of a mixture of micro elements making it up to 1 L. The solution was sterilised in autoclave at 121°C, cooled to room temperature then 150 mL of the solution was used for growth of cyanobacteria in a 500 mL Erlenmeyer flask, with a cotton wool stopper. The growth took place at a light intensity of 100 µE/m 2 /g incubated in a water bath maintained at a temperature of 25C at a pH of 8.30. The harvest of the cultured cyanobacteria was done after every 21 days per each concentration of iron which was added as FeSO 4 . The harvested samples were filtered and washed to remove any contaminants followed by freeze drying and frozen until analysis.
Materials and Methods

Sample collection and pretreatment
Chemical reagents and standards
Hexane, acetone, methanol, chloroform, anhydrous sodium sulphate, Hydrochloric acid, methyl tetradecanoate, methyl hexadecanoate, methyl linoleate, methyl oleate, methyl linolenate, methyl octadecanoate were of analytical grade and they were all purchased from Sigma Aldrich (St Louis, Mo, USA).
Analytical Procedures and Methods
Ultrasonic solid liquid extraction
Ultrasonic solid liquid extraction (USLE) technique was used for extraction of lipids by using 20 mL of the mixture of chloroform and methanol 1:1 v/v. The extraction was carried out by first incubating the sample mixture in water bath for 30 min at 60°C then sonicated at the same temperature for 1 hour. The extracts were filtered using PTFE filters of 0.2 µm pore sizes. Solvent was then evaporated to dryness and the extracts re-dissolved in 1 mL of acetone and 0.5 mL of 3M methanolic HCL and heated at 60°C for 1 h in a thermostated water bath for derivatization. Thereafter the samples were cooled at room temperature followed by the addition of 1 mL of water to obtain phase separation and extracted using 1 mL x 3 of hexane. Extracts were mixed and dried using anhydrous sodium sulphate followed by solvent evaporation to dryness. Then, the extracts; Fatty acids methyl esters (FAMEs) were dissolved in 1 mL of HPLC grade hexane, filtered using PTFE disc filters of 0.2 µm pore sizes for GCxGC-TOFMS analysis. All samples were analysed in duplicate.
Ionic liquid extraction procedure
About 0.1 g of freeze dried algae biomass was weighed in duplicate and dissolved in about 2.85 g of molten ionic liquid at 90°C in which the dissolution took about 3 min to form a non-viscous uniform solution of 5% algae biomass. About 5 mL of methanol was added to form slurry followed by the addition of 4 mL of 3M methanolic hydrochloric acid and the slurry was homogenized by vortexing. The mixture was then heated for 1 h at 60°C in a thermostated water bath for derivatization followed by cooling at room temperature. About 4 mL of distilled water was added for phase separation followed by extraction of Fatty acids methyl esters (FAMEs) with 4 mL of hexane × 2 under vigorous vortexing. Extracts were then mixed and dried using anhydrous sodium sulphate and solvent evaporated to dryness. The extracts; FAMEs were dissolved in 1 mL of HPLC grade hexane, filtered using PTFE disc filters with a pore size of 0.2 µm, for GCxGC-TOFMS analysis.
GCxGC-TOFMS conditions
The analysis of both standards and samples were carried out using GCxGC-TOFMS (Pegasus 4D, LECO Corporation). Helium was used as a carrier gas whereas nitrogen, compressed air and liquid nitrogen used for the operation of the quad-jet thermal modulator. The sample injector temperature was set at 280°C, and samples were injected at a volume of 1 µL with splitless mode. The flow of carrier gas was set at a rate of 1 mL/min. The GCxGC column set comprised of a 30 m, RXI-5Sil MS (0.25 mm internal diameter, 0.25 µm stationary film thickness) for the first while the second column was 1.36 m, RTX-200 (0.18 mm internal diameter, 0.18 µm stationary film thickness). Temperature programme on the first column oven was 80°C held for 1 minute, then increased to 290°C at a ramping rate of 10°C/min and held for 5 minutes. Whereas the second dimension column oven temperature started at 90°C held for 1 min. then ramped to 300°C at a ramping rate of 10°C/min. and held for 5 minutes. The modulator interface was set at 15°C above the secondary oven temperature. The transfer line temperature was set at 250°C whereas the ion source temperature was set at 240°C. Electron impact ionization energy was set at 70 eV, while the detector voltage was set at 1600 V. The analysis was carried out at mass range of 40-450 amu and acquisition rate was 100 spectra/second. The concentration calculations of the identified analytes were carried out using Microsoft Excel.
Identification of the analytes was achieved by comparison of the retention times of the analytes and the standards, comparison of mass spectra with those in the MS Library, and on the basis of mass fragmentation pattern of the compounds.
Statistical Data analysis
The comparison between the performance of ionic liquid based extraction and the conventional volatile organic solvent based extraction was performed using One-Way ANOVA with a significance level of 0.05.
Results and Discussion
Determination of fatty acids from algae biomass by GCxGC-TOFMS
The qualitative and quantitative determination of fatty acids (determined as fatty acid methyl esters) from cyanobacteria biomass was effectively performed using GCxGC-TOFMS technique in which the identification of compounds was facilitated by the deconvolution algorithm of ChromaTOF software. ChromaTOF software enabled the separation, identification and accurate quantifications of chromatogram peaks of fatty acids methyl esters (FAMEs) which were somehow coeluting as illustrated on Figure 1 . Most of the C18s fatty acids isomers do coelute in chromatography due to their structure similarities which only differ by the number and positions of double bonds. Moreover, the consideration of analytes peaks in both dimensions of the GCxGC-TOFMS (ie one-dimension (1D) and two-dimension (2D)) chromatography enabled an accurate identification of the compounds (fatty acids methyl esters) as illustrated in Figure 2 .
The quantification of identified peaks of fatty acids methyl esters was performed by the use of calibration curve obtained by running different concentrations of mixed standards of fatty acids methyl esters. The mixed standard contained tetradecanoic acid methyl ester, hexadecanoic acid methyl ester, 9,12-octadecadienoic acid methyl ester, octadecanoic acid methyl ester, 9,12,15-octadecatrienoic acid methyl ester, 9-octadecenoic acid methyl ester and Undecanoic acid methyl ester (used as internal standard). The obtained calibration curves had linear coefficient (r2) values ranging between 0.9779 and 0.9978. The determined and quantified fatty acids in the cultured samples at varying amounts with respect to the concentration of iron were: dodecanoic acid (C12:0), tetradecanoic acid (C14:0), 10-tetradecenoic acid (C14:1), pentadecanoic acid (C15:0), hexadecanoic acid (C16:0), 7,10-hexadecadienoic acid (C16:2), 7-Hexadecenoic acid (C16:1), heptadecanoic acid (C17:0), 6,9,12,15-octadecatetraenoic acid (C18:4), γ-6,9,12-octadecatrienoic acid (γ-C18:3), 9,12,15-octadecatrienoic acid (C18:3), 9,12-octadecadienoic acid (C18:2), 9-octadecenoic acid (C18:1), octadecanoic acid (C18:0), eicosanoic acid (C20:0), 15-tetracosenoic acid (C24:1), tetracosanoic acid (C24:0), hexacosanoic acid (C26:0) and octacosanoic acid (C28:0). 
Determination of the effect of Iron concentration on the amount of Fatty Acids
Determination of the effect of the variation of iron concentration on the amount of fatty acids in the growth medium of cyanobacteria revealed that the total amount of fatty acids in the cultured cyanobacteria decreased with increase in FeSO4 concentration Figure  3 . This can be explained by the importance of iron in the growth of cyanobacteria in water. It has been reported that iron promotes the growth of cyanobacteria in natural waters. Its additions increase photosynthesis and nitrogen fixation by cyanobacteria [19] .
It was further observed that the total amount of unsaturated fatty acids decreased with increase in the concentration of FeSO4 whereas the amount of saturated fatty acids increased with increasing concentration of FeSO4. This can be explained by the fact that under stressful conditions saturated fatty acids are desaturated to produce more unsaturated fatty acids. The unsaturation of fatty acids is used to control the fluidity of cell membranes caused by such stress [8, 20] . In different stress conditions like pH stress, temperature stress, and nutrient shortage stress, cyanobacteria tend to produce high amount of toxins [21] . Apart from producing more toxins, the stressful condition leads to the development of a mechanism that sustains their life. One of the mechanisms used to overcome stresses involves desaturation of fatty acids which result on the production of more unsaturated fatty acids. Thus, the trend observed in Figure 3 adheres to the fact that under Fe shortage more unsaturated fatty acids were produced. The variations observed in the amount of the components of fatty acids as indicated in Figure 3 , shows that unsaturated fatty acids increased with the decrease in the iron concentration whereas the concentration of saturated fatty acids increased with the increase in iron concentration. This indicates that at adequate or higher amount of iron the desaturation of fatty acids is minimal. Generally, it can be noted from Figure 3 In the observation of Figure 5 , it was found that 7-hexadecenoic acid (C16:1) was increasing with the increase in concentration whereas γ-6,9,12-octadecatrienoic acid (γ-C18:3) was very higher at 0 mg/L of FeSO4 which indicates that it is highly formed during a stressful condition (shortage of iron). The highest amount of 6,9,12,15-octadecatetraenoic acid (C18:4) was registered at the concentration of 2.2 mg/L of FeSO4, which indicates that its production is influenced by relatively low amount of iron. Thus, the concentration of 2.2 mg/L of FeSO4 seems to be the optimal amount for the production of C18:4, Figure 5 . A general observation from the presented variations is that the type and amount of fatty acids produced by cyanobacteria can be controlled by varying the type and amount of nutrients offered.
Effect of Nutrients on Fatty Acids composition
Generally the effect of nutrients on the composition of fatty acids in cyanobacteria biomass was determined by comparing the results obtained from cultured cyanobacteria samples against samples which were collected from Vaal Dam. Thus, fatty acids obtained from cultured cyanobacteria biomass differed from the composition of fatty acids in cyanobacteria obtained from Vaal Dam. This could be explained by the differences in nutrient contents. The cultured cyanobacteria were supplied with all the necessary nutrients for their growth whereas the one in the Dam simply depended on the nutrient available in the Dam (natural environment). For instance, 7, 10-hexadecadienoic acid (C16:2), 15-tetracosenoic acid (C24:1), tetracosanoic acid (C24:0), hexacosanoic acid (C26:0) and octacosanoic acid (C28:0) were not detected in the cyanobacteria biomass from the Dam samples but detected in the cultured cyanobacteria biomass. On the other hand C19:0 was only detected in cyanobacteria samples from Vaal Dam and not in the cultured samples, Table 1 . This means that with the provision of the required nutrients, cyanobacteria biomass produce more amount of fatty acids with longer carbon chain compared to the ones which grow in the natural settings. 
Comparison of volatile organic solvent extraction (VOS) and ionic liquid extraction (IL)
Because of the importance of fatty acids compositions in nowdays research and uses of lipids the development of effective, quicker and environmentally friendly method of extraction is so important. Thus, after the study of the effect of FeSO4 concentration on the amount of fatty acids in cyanobacteria biomass using ultrasonic solid liquid extraction procedure, the technique was used to study the composition of fatty acids from cyanobacteria sampled from Vaal Dam in South Africa and its performance compared with the ionic liquid extraction technique. The results were compared to the one obtained using imidazolium based -ionic liquid extraction procedure; 3-butyl-1-methyimidazolium chloride [BMIM]Cl]. It was observed that the composition of fatty acids was both qualitatively and quantitatively similar as it was confirmed statistically by one way-ANOVA to have no significant difference. This result opened up the potentiality of imidazolium based ionic liquid ([BMIM] Cl in particular) to be used as a quick extraction method for lipids from cyanobacteria biomass. In the comparisons of Ionic liquid (IL) extraction and volatile organic solvents (VOS) extraction procedures using the samples from Vaal Dam in South Africa, it was observed that ionic liquid extraction apart from being environmentally friendly it takes a very short time as compared to the organic solvent extraction procedure and hence suitable for handling a large number of samples. Figure 6 , shows the comparison of fatty acids obtained by both ionic liquid extraction technique and volatile organic solvents extraction technique.
Thus, it was observed that the qualitative and quantitative composition of fatty acids obtained by the two extraction techniques, is more less the same, and it was confirmed statistically (one way-ANOVA) that the difference between the amounts of fatty acids extracted by the two extraction techniques is not significantly different (P>0.05). 
Conclusions
The determined fatty acids from cyanobacteria biomass were dominated by tetradecanoic acid (C14:0), hexadecanoic acid (C16:0), 7-hexadecenoic acid (C16:1), pentadecanoic acid (C15:0), 6,9,12,15-octadecatetraenoic acid (C18:4), γ-6,9,12-octadecatrienoic acid (γ-C18:3), 9,12,15-octadecatrienoic acid (C18:3), 9,12-octadecadienoic acid (C18:2), 9-octadecenoic acid (C18:1) and octadecanoic acid (C18:0). The study has revealed that the variations of iron concentration in growth media affect the amount of fatty acids in the cyanobacteria biomass. The composition of fatty acids for cultured cyanobacteria contained longer carbon chain above C20 whereas the composition of cyanobacteria samples from Vaal Dam did not contain such fatty acids. From this study therefore, it is inferred that the type and amount of nutrients influence the composition of fatty acids in cyanobacteria. It was further revealed that the total amount of fatty acids in the cultured cyanobacteria decreased with increase in iron concentration. In particular it was observed that the total amount of unsaturated fatty acids decreased with increase in the concentration of FeSO4 whereas the amount of saturated fatty acids increased with increasing concentration of FeSO4 and that the optimal concentration of iron was observed to be 2.2 mg/L. In the comparison of the extraction techniques between the ionic liquid (IL) extraction and volatile organic solvent (VOS) extraction procedures using the samples from Vaal Dam in South Africa, it was observed that the composition of fatty acids was both qualitatively and quantitatively similar as it was confirmed statistically by one way-ANOVA to have no significant difference. Moreover, ionic liquid extraction technique takes shorter time than the volatile organic solvent extraction procedure.
